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Potassium is usually said to accumulate when its concentration be- 
comes greater inside the living cell than outside.  But as the concep- 
tion  of  accumulation  usually  appears  to  imply  an  expenditure  of 
energy (and is chiefly interesting for this reason) it would seem more 
logical to confine it to those cases where the chemical potential of a 
potassium compound, e.g. KCI, inside the cell actually shows an excess 
over that outside.  In that case we should speak of the accumulation 
of KC1 but not of the accumulation of potassium since potassium might 
enter and reach a higher concentration inside, as in the Donnan equi- 
librium,  although  no  potassium  compound  attained  an  excess  of 
chemical potential inside. 
Potassium chloride accumulates in many living cells.  A favorable 
object for study is the marine alga Valonia macrophysa,  Kiitz, whose 
large multinucleate cells reach the size of a pigeon's egg and whose sap 
can be obtained with little or no contamination.  The sap contains  1 
approximately 0.5 ~  potassium or about 40 times as much as the sea 
water, but the sodium is only 0.1 ~r or about one fifth that of the sea 
water.  The chloride is 0.6 ~ or about 3 per cent more than in the sea 
water (the latter is about 0.58 ~*). 
It is evident that the chemical potential of KC1  is greater inside 
1  There  is  also  a  little  organic matter  and possibly a  trace  of calcium.  Cf. 
Osterhout, W. J. V., Ergebn. Physiol.,  1933, 3fi, 981. 
2 Both the sap and the sea water are subject to fluctuations  (Jacques, A. G., 
and Osterhout, W. J. V., J. Gen. Physiol.,  1930-31, 14,, 301; Osterhout, W. J. V., 
Biol. Rev.,  1931, 6, 370). 
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since  (putting  concentrations in place of activities  3) we have for the 
product  (K)(C1)  inside  (0.5)  (0.6)  =  0.3 and  outside  (0.012)  (0.58) 
=  0.007. 
To  make  the  chemical  potential  of  KC1  greater  inside  requires 
energy.  The  cell has  energy  at  its  disposal  but  the  problem  is  to 
discover how it is applied in order to bring about this result. 
One way of attacking this problem is to experiment with models in 
which  KC1  accumulates.  In  these,  as  previously  described,  ~ two 
aqueous phases  (an outer,  A,  and  an inner,  C)  are  separated  by  a 
non-aqueous  phase,  B,  containing  70 per  cent  guaiacol plus  30  per 
cent p-cresol (this will be called G.  C. mixture). 
It is desirable to imitate the conditions in Valonia where the external 
solution  contains  much  more  chloride  than  potassium,  the  chloride 
being paired with a  cation which enters much more slowly than  po- 
tassium.  In the case of Valonia this cation is sodium, but in the model 
lithium  was used because  then  the relative  rates of entrance  of the 
cations become more nearly like that in  Valoni# although the differ- 
ence between the two cations is much less than  in  Valonia 6 and  it is 
perhaps partly for this reason that we are unable to imitate its composi- 
tion in the steady state more closely. 
When we place KOH in A  it  unites  with  the organic  acids  in  B 
(these  will  be  called  collectively  HG)  according  to  the  equation 
KOH +  HG ~  KG  +  H20 and  KG  then  passes  through  B  to C. 7 
We therefore, for convenience, placed KG instead of KOH in A which 
contained  0.05  ~  KG  +  0.10  ~  LiC1.  This  solution  flowed slowly 
through A so as to keep its composition approximately constant. 
These substances all passed through B into C, which contained only 
* This is permissible for comparative purposes since the ionic strength  of the 
sap and the sea water are so nearly alike.  Cf. Zscheile, E. P., Jr., Protoplasma, 
1930, 11, 481. 
40sterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol., 1931-32, 15, 667. 
5  In Valonia the rate of entrance of potassium as compared with sodium is far 
greater than in the model (Osterhout, W. J. V., Ergelm. Physiol.,  1933, 35, 991). 
The rate of entrance of lithium in the model is a little slower than that of sodium. 
Cf. Osterhout, W. J. V., Kamerling, S. E., and Stanley, W. M., J. Gen. Physiol., 
1933-34, 17, 469. 
8 Osterhout, W. J. V., Ergebn. Physiol., 1933, 35, 991. 
7 A, B, and C were stirred.  For experimental details see Osterhout, W. J. V., 
and Stanley, W. M., J. Gen. Physiol., 1931-32, 15, 667. W.  J.  v.  OSTERHOUT AND  S.  E.  KAM'ERLING  169 
distilled  water  through  which  air  was bubbling. 8  Evidently in  the 
course of time C would become identical in composition with A.  To 
hasten  this process the distilled water was removed from  C  and  re- 
placed by solution taken from A.9  As in all the experiments described 
in  this  paper  the solution in A  was continually  renewed and A, B, 
and  C  were stirred. 
We then bubbled CO, through  C.  This reacted with KG to form 
KHCO~.  We may  therefore  for  convenience  regard  the process  as 
consisting of two  reactions,  (1)  KOH +  HG ~  KG +  H,O, and (2) 
KG +  HsCO~  ~  KHCO3  +  HG.  As HG in the  system is constant 
this reduces to KOH +  H,  CO8 ~  KHCO3 +  H,O.  It is evident that 
potassium will  continue to move from A  to C as long as the chemical 
potential of KOH is greater in A  than in C.  The chemical potential 
of KOH in C is kept lower than  that in A  by two factors,  (1)  CO, is 
constantly  supplied in C,  (2)  when KHCO~ is formed in C  it  lowers 
the activity of the water and raises the osmotic pressure and in con- 
sequence water moves from A to C. 
As a result we find that potassium moves from A  to C throughout 
the entire  experiment  and the volume of C  steadily increases.  This 
may be analogous to what happens in Valonia.  What is said regard- 
ing potassium applies also to lithium but the latter enters less rapidly 
because the partition coefficient (between A and B) of LiG is less than 
that  of  KG,  1°  as  would be  expected,  according  to  Shedlovsky and 
Uhlig, n on account of its smaller ionic radius. 
The  course of events  (Experiment  168)  after the bubbling of CO, 
began is made evident by Figs.  1, 2, and 3:  the last shows  that  tittle 
or no chloride moved through B  in either  direction since the number 
of  millimoles  in  C  remained practically  constantY  But as  water 
s Gases bubbled through C first passed through a solution of approximately the 
same composition so that they neither added nor subtracted water from C. 
9 B was brought into approximate equilibrium with A by being shaken with it 
and being allowed to stand overnight. 
10 Osterhout, W. J. V., Kamerling, S. E., and Stanley, W. M., J. Gen. Physiol., 
1933-34, 17, 469. 
11 Shedlovsky, T., and Uhlig, H. H., J. Gen. Physiol., 1933-34, 17, 563. 
12 Chemical determinations  were made as described in a previous paper  (of. 
footnotes 7 and  10).  Lithium  was determined by difference after determining 
HCO8 by titrating  with acid; C1 was determined by potenfiometric titration  with 
AgNOs; glucose was determined by Benedict's method. 170  ACCUMULATION O~  ELECTROLYTES.  VIII 
moved from A  to C  (as shown by the volume curve in Fig. 1) the  con- 
centration of chloride in C fell off. 
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FIo. 1.  Shows changes in concentration (Experiment 168) in  the inner aqueous 
phase C of a model consisting of an outer aqueous phase A which is separated from 
C by a  non-aqueous phase B (consisting  of  70 per cent guaiacol  +  30 per  cent 
p-cresol:  these are called collectively  HG): KG  passes from A  through B to  C 
where it reacts with CO2 to form KHCO8 (this also applies to LiG); water also 
enters as shown by the volume curve.  At the start A and C have the same com- 
position; i.e., 0.1 •  LiC1 +  0.05 ~r KG.  At 240 hours carmine was added toA to 
determine whether any mechanical transfer occurred:  as none was found the car- 
mine was removed at 360 hours and thereafter the rate of stirring was a little faster 
causing a more rapid increase in concentration. 
In order to see whether there was any mechanical transfer of liquid 
from A  to C  (due to the stirring) carmine was added to A  at 240 hours. 
As this is only slightly soluble in B  its presence in C  would indicate W.  J.  V.  OSTERHOUT  AND  S.  E.  KAMERLING  171 
o 
S  c  ~  0.02 
o'0 
o  o..  0.01~ 
0 
I-4 
O_  x 
0 
-  _~'~ (.c1") ~,', c  .___. 
._~_-  ......  (Li)  (CI)  in  A  __ 
(IiJ(C1Jin  A 
I  I 
200  400  600 
Hours 
FIG. 2.  As in Fig. 1, but showing the values of the ionic concentration products 
(K)(C1) and (Li)(CI) in A and in C.  At the dose of the  experiment  the value 
of (K) (CI) in C was about 4 times that in A. 
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Fxo. 3.  As in Fig.  1, but showing millimoles in C. 
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the amount of mechanical transfer.  It became evident that no such 
transfer occurred and it was consequently removed at 360 hours.  In 
order to do this A, B,  and C were separated and when put together 
again the rate of stirring was a little greater, thus causing the increase 
in rate shown in Fig. 1 after 360 hours. 
Let us now consider the chemical potential, which is proportional 
to the ionic activity product [K] [C1].  TM  Fig. 2 shows the value of the 
ionic concentration product (K) (CI) outside and inside.  At the close 
of the experiment (538.5  hours) the ionic concentration product was 
(0.313)  (0.0636)  =  0.0199 in C or about 4 times as great as the product 
in A  which was (0.05)  (0.10)  =  0.005.  We can get an approximate 
idea of the ionic activity products if we assume that the activity co- 
efficients for K + and C1- are equal  14 and are the same as in a solution 
of the same ionic strength with KC1 as the only solute.  In that case 
we should have for the activity coefficient of K ÷ and C1- in A  (with 
an ionic strength of 0.15)  0.735  and for C  (with an ionic strength  15 of 
0.575) 0.634.  On this basis the ionic activity product for C is (0.0199) 
(0.634) 2 =  0.008  or about 3 times that in A which is (0.005)  (0.735) 2 
= 0.0027. 
Let us now consider lithium.  At the close of the experiment the 
ionic concentration product  (Li) (C1) was  (0.1) (0.1)  =  0.01  in A and 
(0.262)(0.0636)  =  0.0166  in  C.  is  As we are not justified in putting 
the activity coefficient of Li  ÷ equal to that of C1- there is no basis for 
calculating the ionic activity products. 
During the experiment the volume increased from 80  to 113.5  cc. 
If this could have been prevented larger values of the product (K) (C1) 
in A might be expected.  In order to test this we repeated the experi- 
ment, adding 0.5 M glucose to A  (Experiment 169A).  At the close of 
the experiment (505.5  hours) the volume had increased from 80 to 97 
cc.  (i.e.  less  increase  than in  the previous  experiment).  The  ionic 
xa Cf. footnote 4. 
14 This assumption, originally made by D.  A. MacInnes, is  now frequently 
employed. 
15 This is made up of K + = 0.313 M  and Li  + = 0.262 x¢ or of HCOa- = 0.512 M 
and C1- = 0.0636 M. 
16 The concentration  of HCOs- was 0.512 M; the concentration  of HG was about 
the same as in A ; i.e., about 0.1 ~s. W.  J.  V.  OSTEP.I-IOUT  AND  S.  E.  KAMERLING  173 
concentration  product  (K)(C1)  was  (0.313)(0.0782)  =  0.0245 in C 
and  (0.05)  (0.1)  =  0.005 in A.  The activity coefficient for K + and 
for C1- in A  (with an ionic strength of 0.15) was taken as 0.735 and 
that in C (with an ionic strength 17 of 0.58) as 0.632.  Hence if we cal- 
culate the ionic activity products on the same basis as before we have 
for C  [K] [C1] =  0.0245(0.632) 2 = 0.0098  and  for A  (0.005) (0.735) ~ 
=  0.0027.  Here the calculated chemical potential in C is about 3.6 
times as great as in A  as compared with about 3 times in the previous 
experiment.  Since the addition of glucose to A  decreases the activity 
coefficients of K + and  C1- the value 3.6 should be regarded  as too 
small. 
In this case the ionic concentration product  (Li) (C1) was  (0.1) (0.1) 
=  0.01 inA and (0.267)(0.0782)  =  0.021 in C. 
The addition of 0.5 ~r glucose 18 to A did not greatly reduce the rate 
of entrance of water and it is evident that the addition of more would 
have produced more favorable results.  This, however, was not possible 
because it would have too greatly increased the specific gravity of A 
which rests on a layer of G. C. mixture in the model. 
As in the previous experiment, the millimoles of C1- in C remained 
practically constant but the concentration fell off from 0.1 ~  to 0.0782 
as the result of the entrance of water (less than in the previous ex- 
periment where it fell from 0.1 to 0.0636). 
That the system is capable of raising the chemical potential of KC1 
to  a  higher  level  is  evident  from  an  experiment  (No.  165)  which 
started out with the same solution in A  and in C, namely, 0.1 ~t LiCI 
-b  0.05  ~t  KG  (before  the  start  B  was  brought  into  approximate 
equilibrium with this solution by being shaken up with it and being 
allowed to stand overnight). 
Air was first bubbled through  C:  as this produced no change  CO~ 
was bubbled through  C  with  the result  shown in Figs.  4,  5,  and  6. 
Although the millimoles of C1- in C increased somewhat the entrance 
of water (as shown by the volume curve in Fig. 4) was so rapid that 
the concentration of C1- fell off.  As long as the entrance of K + and 
lr This is made up of 0.313 M K + and 0.267 ~t Li  + or of 0.502 ~ HCO~- and 
0.0782 ~r C1-. 
is At the end of the experiment C contained about 0.042 M  glucose. 174  ACCUMULATION  OZ ELECTROLYTES.  VHI 
Li+ was more rapid than that of water the ionic concentration products 
(K) (C1)  and  (Li)(C1)  continued to increase (Fig. 5), but as the rate of 
entrance  of cations  fell off sooner  than  that  of water these products 
declined  after a  time.  As would be expected this  took place sooner 
with Li  + than with K + since Li+ entered more slowly. 
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FIG. 4.  At the start the experiment was arranged as in Fig. 1.  At first air was 
bubbled in C and this produced no change:  CO2 was then bubbled through C and 
840 hours later the bubbling of CO~ in C was stopped and air was bubbled instead. 
This caused a falling off in the concentration of K + and of HCO3-.  At 910hours 
the bubbling of CO2 was resumed, 0.5 ~r glucose was added to A and LiC1 was added 
to C, increasing  the Li  + in C from 0.27 ~ to 0.337 ~t and C1 from 0.04 ~ to 0.107 ~r. 
After this K + continued to enter and at 1032 hours the ionic concentration product 
(K) (CI) in C was 0.033 or 6.6 times that in A (which was 0.005).  This is shown 
in Fig. 5  (Experiment 165). 
At 840 hours we began to bubble air in C in place of CO2 and there 
was  a  marked falling off in  the  concentration  of K +  and of HCO3- 
but the volume continued to increase as would be expected in view of 
the smaller activity of water in C. 
At 910 hours enough glucose was added to A  to make its concentra- 
tion 0.5 ~  and LiC1 was added to C, increasing the molality of Li  + from 
0.27 to 0.337 and that of C1- from 0.04 to 0.107.  This raised the level W.  ~.  V.  OSTERHOUT AND  S.  E.  KAMERLING  175 
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FIG. 5.  As in Fig. 4 but showing the ionic concentration  products (K)(C1) and 
(Li) (C1) in A and in C. 
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FIG. 6.  As in Fig. 4 but showing mHiimoles. 
somewhat after the start. 
The miUimoles of C1- increased 176  ACCUMULATION  OF  ELECTROLYTES.  VIII 
of chemical potential of KC1 in C but the system had sufficient energy 
to  raise  it  still  further,  as  shown  by  the  increase  in  the  product 
(K) (C1), although water continued to enter (as shown by the volume 
curve in Fig. 4). 
At 1032 hours the ionic concentration product (K)(C1) was  (0.33) 
(0.098)  =  0.033 in C or 6.6 times as great as in A.  If we calculate the 
ionic activity products as before we obtain 0.0125 for C or 4.64 times 
as much as for A :  this latter is taken  19 as 0.0027, but the value should 
be lower because the glucose lowers the activity coefficient: hence the 
value 4.64 should also be higher. 
Evidently the  system has  sufficient energy to  raise  the  chemical 
potential of KC1 in C  to a high level and this would occur in all the 
experiments if the entrance of water could be sufficiently restricted. 
This applies to experiments in which C consists at the start of distilled 
water through which CO2 is bubbled (i.e. there is no K +, Li  +, or C1- 
in  C  except what  enters  through  B).  Such  experiments were  per- 
formed and, even without adding glucose to A, we obtained an excess 
of chemical potential of KC1 in C, but as the value of the ionic activity 
product in C in no case exceeded that in A  by more than 20 per cent 
and as there is some uncertainty regarding the value of the activity 
coefficients  2° of K + and C1- we prefer to lay no stress on these results. 
Higher values were obtained when the  G.C. mixture was allowed to 
stand in contact with dry powdered alfalfa leaves for some hours before 
starting the experiment, but it is a question whether the G.C. mixture 
became a better carrier of C1- by this treatment or whether it merely 
gave up to C some of the C1- absorbed from the alfalfa. 
19 In A with an ionic strength of 0.15 the activity coefficient of K + and of C1- 
is taken as 0.735 and the ionic activity product is (0.05) (0.1) (0.735)  2 =  0.0027. 
C had an ionic strength of 0.71 (made up of K + =  0.33 x~ and Li  + =  0.38 •  or of 
C1- = 0.098 M  and HCOa = 0.607 M) and the activity coefficient of KC1 was taken 
as 0.618.  We therefore have for the ionic activity product (0.33) (0.098) (0.618)  2 
= 0.0125. 
20 Strictly speaking it is impossible to measure activity coefficients of individual 
ions but mean ionic activities may be measured and in the case of KCI the assump- 
tion may be made that the activity coefficients of the anion and of the  cation are 
equal (see footnote 14). W.  J.  V.  OSTERHOUT AND  S.  E.  KAMERLING  177 
DISCUSSION 
Energy is needed to make the chemical potential of KC1 greater in 
C than it is in A.  This energy is derived from the chemical reactions 
in the system and from the continual supply of materials, particularly 
of  C02  which keeps  the pH  inside lower than  it  is  outside.  It  is 
possible that similar considerations may apply to the living cell where 
the sap usually has a loweff  1  pH than the external solution oMng to the 
presence of COs and of other organic acids.  It should be noted that 
the energy developed in the formation of CO2 is not available in the 
model as it is in the living cell (since in the model we use CO2 already 
formed). 
The amount of accumulation is affected by the entrance of water. 
In the plant cell the rate of entrance of water may be greatly restricted 
by the cellulose wall and the accumulation may be correspondingly 
increased. 
In the plant cell both K + and C1- reach higher concentrations than 
inside: in Valonia  the difference between C1- outside and inside is 
small (0.6 as compared with 0.58)  but in Nitella it is much higher.  ~2 
In the model the concentration of C1- inside in no case exceeded that 
outside and when COs was bubbled it became less.  Whether a model 
can be constructed in which both K + and C1- reach a higher concentra- 
tion inside remains to be seen.  To accomplish this the entrance of 
C1- must be more rapid than that of water. 
In conclusion it may be desirable to call attention to  the fact that 
the electrolytes pass through B  chiefly in the form of molecules  ~3 or 
of undissociated neutral  complexes which do not increase the  con- 
ductivity.  ~  In the case of HC1,  for example, these can form  at the 
interface by the collision of H + and C1- just as when HC1 passes from 
an aqueous solution into air. 
~i In Valonia  the  difference  of pH is about as  great as in the  models.  Cf. 
footnote 4. 
22 Osterhout, W. J. V., Ergebn. Physiol., 1933, 35~ 981. 
It is the practice of some authors to speak of molecules where there is sharing 
of electrons as in the case of HCI and of neutral complexes  where this is absent 
as in the case of KC1. 
24 Cf. Shedlovsky, T., and Uhlig, H. H., J. Gen. Physiol., 1933-34,  17, 549, 563. 178  ACCUMULATION  OF ELECTROLYTES.  VIII 
When the  activity product (K)(C1) is greater  inside than  outside 
potassium tends  to go  out as  KC1 but  at the  same time  it tends  to 
enter as KOH because the activity product (K) (OH) is greater outside 
than  inside3  s  The net result is  entrance  of potassium,  presumably 
because the latter process is more rapid.  This seems to  correspond to 
the situation in Valonia. ~e 
SUMMARY 
Models are  described  in  which  KCI enters  until  its  chemical  poten- 
tial  becomes  much greater  inside  than  outside.  The  energy  needed  to 
accomplish this  comes from the chemical reactions  occurring  in the 
system and the  continual  supply  of  certain  materials. An important 
factor  is  the  maintenance  of  a  lower  pH value  inside  by  means  of  C02. 
This may bc analogous to what happens in some living  cells. 
The concentration  of  K+ becomes  higher  inside,  as  happens  in  many 
living  cells,  but  the concentration  of Cl-  does not and  in  this  respect 
the model differs  from many living  cells.  As in Valonia,  potassium 
tends to go out as KCI when the ionic  activity  product (K)(Cl)  is 
greater  inside  but  at  the  same time  it  tends  to  enter  as  KOH  since  the 
activity product  (K)(OH)  is  greater  outside. The  net result  is 
entrance of potassium presumably because the latter  process  is the 
more  rapid. 
E.g. in Experiment 168 the pH in A was about 9.1 and in C (at the end) was 
about 7.3. 
2e Osterhout, W. J. V., gtgebn. Physiol., 1933, ~i~ 984. 